(19) 



J) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(12) 



(43) Date of publication: 

16.08.2000 Bulletin 2000/33 

(21) Application number 99123311.5 

(22) Date of filing: 22.11.1999 



(n) EP 1 028 505 A1 

EUROPEAN PATENT APPLICATION 

(51) lntCl7: H01S 5/42 



(84) Designated Contracting States: 


(72) Inventors: 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


• Kapon, Elyahou 


MC NL PT SE 


1005 Lausanne (CH) 


Designated Extension States: 


• Monti di Sopra, Fabrice 


AL LT LV MK RO SI 


8047 Zurich (CH) 




• Brunner, Marcel 


(30) Priority: 11.02.1999 EP 99101756 


8006 Zurich (CH) 


(71) Applicant: CSEM 


(74) Representative: Grunecker, Kinkeldey, 


Centre Suisse d'Electronique et de 


Stockmair & Schwanhausser Anwaltssozietat 


Microtechnique S.A. 


Maximilianstrasse 58 


2007 Neuchatel (CH) 


80538 Munchen (DE) 



(54) A vertical-cavity surface-emitting laser comprised of single laser elements arranged on a 
common substrate 



(57) A vertical-cavity surface-emitting laser device 
(VCSEL) comprises a plurality of VCSEL elements ar- 
ranged on a common substrate (7), each VCSEL ele- 
ment comprising first mirror means (3) and second mir- 
ror means (5), each having a predefined reflectivity at a 
predetermined wavelength, for forming an optical reso- 
nator for said wavelength, and a laser active region (1) 
disposed between said first and second mirror means 
(3,5). In addition, the VCSEL device comprises a grid 
layer (4) having a plurality of openings (6) corresponding 



to the respective VCSEL elements and a contact layer 
(2) having a predetermined thickness, said contact layer 
being interposed between each of said first mirror 
means (3) and said grid layer (4), wherein an optical 
thickness of said contact layer (2) and a reflectivity and 
an absorption of said grid layer (4) is selected so as to 
provide an effective reflectivity of each of said first mirror 
means (3) depending on said grid layer (4) and being 
different for areas covered by the grid and areas corre- 
sponding to said grid openings (6). 
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Description 

[0001 ] The present invention relates to a vertical-cav- 
ity surface-emitting laser (VCSEL) device comprising a 
plurality of VCSEL elements arranged on a common 
substrate, each VCSEL element comprising first mirror 
means having a first reflectivity and second mirror 
means having a second reflectivity at a predetermined 
wavelength for forming an optical resonator for said 
wavelength, and a laser active region disposed between 
said first and second mirror means. 
[0002] Semiconductor laser devices steadily gain in 
importance in a plurality of industrial applications. In par- 
ticular, in the fields of gas spectroscopy, coupling of la- 
ser light into optical fibers, and in communication sys- 
tems where a high transmission rate is required, semi- 
conductor laser devices with high spectral purity, i.e. 
with single mode output radiation in the longitudinal as 
well as the transverse directions, are highly desirable. 
Especially, vertical-cavity surface-emitting lasers (VC- 
SEL) represent an important development, since the 
possibility of manufacturing a large plurality of such la- 
ser devices on a single semiconductor substrate pro- 
vides laser devices with high efficiency and low power 
consumption in conjunction with low manufacturing 
costs. These laser devices inherently lase in a single 
longitudinal mode due to their small longitudinal exten- 
sion of the laser active region (some hundreds of na- 
nometers). When, however, a high output power from a 
single device is required, the lateral extension of this de- 
vice has to be increased, thereby reducing the spectral 
purity of the laser output, since then the beam quality 
suffers from the competition of many transverse radia- 
tion modes. Accordingly, the highest possible single 
mode output power from a VCSEL is limited (currently 
the maximum value achieved is 4.8 mW), since the size 
of the VCSEL must remain small to restrict emission to 
a single fundamental transverse mode. 
[0003] In order to achieve increased output power 
while maintaining a well-defined single transverse mode 
which is desirable for a variety of applications, such as 
laser printing, material treatment, or optical pumping, 
so-called "phase coupled arrays" have been developed 
and investigated during the last years. In such a phase 
coupled array, usually the top or bottom surface of a lat- 
erally widely extending VCSEL is divided into a plurality 
of laser elements by means of a grid-like structure, typ- 
ically formed of metal. The thickness of the grid bars 
separating adjacent laser elements are selected so as 
to allow the electric fields of adjacent elements to couple 
to each other. Since, in general, top and bottom distrib- 
uted Bragg reflectors as well as the laser active region 
are provided common to all single laser elements, and 
a current is supplied to the common active region by 
means of the conductive grid bars, the laser elements 
are no longer individually addressable. Accordingly, the 
phase coupled array can also be considered a laterally 
large VCSEL device emitting in a coherent supermode, 



wherein the nodes of the electric field are defined by the 
grid structure on the top or bottom surface of the VCSEL. 
[0004] In the early 1 990's, phase coupled arrays were 
demonstrated for the first time and, in recent develop- 

5 ments, have shown very promising behavior in pulsed 
operation with more than 500 mW of a single mode peak 
output power in, for example, an 8 x 8 array, as disclosed 
in "Applied Physical Letters" Vol.61, 1160 (1992). 
[0005] In order to provide for a phase coupled array 

io in a VCSEL, a variety of possibilities have been prac- 
ticed in the prior art. 

[0006] In IEEE "Journal of Quantum Electronics," Vol. 
26, No.11, November 1990, a phase coupled array is 
described having a metal grid inside the cavity defining 

is areas of low reflectivity. Subsequently, a dielectric mirror 
has been deposited after the formation of the metal grid 
and this dielectric and serves as the outcoupling mirror 
of the laser device. This fabrication technology, howev- 
er, is quite complicated and the device exhibits during 

20 operation a mixture of the lowest order and several high 
order modes, so that this approach does not seem to be 
very promising. « 
[0007] In "Optics Letters," Vol.18, No.5, March 1, 
1 993, a VCSEL is disclosed having a metal grid applied 

25 to the top of a complete VCSEL structure, including two 
semiconductor distributed Bragg reflectors. However, 
the reflectivity variation induced by the metal grid alone, 
is too low to stabilize the highest order transverse mode 
for CW operation. 

30 [0008] In "Applied Physical Letters," Vol.60, 1535, 
1992, a bottom emitting VCSEL structure is described, 
having a semiconductor bottom mirror and a hybrid 
semiconductor/gold top mirror. The reflectivity of the top 
mirror is fine-tuned with two different metalizations, 

35 wherein highly reflective gold is evaporated on the laser 
elements, while less reflective TIAu or Cr/Au is used for 
the grid which defines the individual laser elements. 
Since no light can escape through the top metals, this 
technology is only appropriate for bottom emitters. 

<o [0009] In "Applied Physical Letters," Vol.58, 890, 
1991, a VCSEL is disclosed, wherein a grid is etched 
into the top distributed Bragg reflector. According to this 
technology, no current injection is possible and, hence, 
the device is merely able to be operated with optical 

45 pumping. 

[0010] It is, therefore, an object of the present inven- 
tion to provide a VCSEL device having a high output 
power with a defined single transverse radiation mode, 
whereby the aforementioned disadvantages of the prior 

so art are avoided. 

[0011] According to the present invention, there is 
provided a vertical-cavity surface-emitting laser device 
comprising a plurality of VCSEL elements arranged on 
a common substrate, each VCSEL element comprising 

55 first mirror means and second mirror means each hav- 
ing a predefined reflectivity at a predetermined wave- 
length, for forming an optical resonator for said wave- 
length, a laser active region disposed between said first 
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and second mirror means, and a grid layer arranged 
over said first mirror means, said grid layer having a plu- 
rality of openings corresponding to the respective VC- 
SEL elements, said VCSEL device being characterized 
in that it comprises a contact layer having a predeter- 
mined thickness, said contact layer being interposed be- 
tween and adjacent to each of said first mirror means 
and said grid layer, wherein an optical thickness of said 
contact layer and a reflectivity and an absorption of said 
grid layer is selected so as to provide an effective reflec- 
tivity of each of said first mirror means depending on 
said grid layer and being different for areas covered by 
the grid and areas corresponding to said grid openings. 
[0012] According to the present invention, the em- 
ployment of the contact layer in combination with the 
structure of the grid layer, i.e. the geometric structure as 
well as the composition and the thickness thereof, pro- 
vides simple means for a significant variation of the re- 
flectivity of the first mirror means. Due to the varying re- 
flectivity along the lateral dimension of the VCSEL de- 
vice, the loss within the cavity varies accordingly and, 
-^/hence, a single transverse radiation mode is sufficiently 
stabilized. Therefore, the VCSEL device of the present 
invention allows, contrary to the prior art devices which 
are described to be operated only in a pulsed mode, the 
operation with constant current and continuous wave 
(cw) thereby insuring a high continuous output power 
exhibiting a single transverse radiation mode. 
[001 3] Preferably, said first and second mirror means 
are provided as Bragg reflectors which are common to 
all of said VCSEL elements. By this measure, a high 
density of VCSEL elements may be provided, and, at 
the same time, the manufacturing process for such a 
device is considerably simplified. Moreover, manufac- 
turing of such devices is compatible to standard fabri- 
cation methods such as selective oxidation, mesa etch- 
ing, and proton implantation. 

[0014] Advantageously, the thickness of said contact 
layer is adjusted such that the reflectivity of said first mir- 
ror means is reduced in regions covered by the grid, 
compared to regions corresponding to said grid open- 
ings. An accordingly arranged contact layer and g rid lay- 
er insure that the reflectivity and, hence, the loss of the 
' resonator in regions corresponding to the portions cov- 
ered by the grid, is relatively low so that the transverse 
radiation mode having an intensity minimum at those 
portions is significantly stabilized, whereas other trans- 
verse radiation modes are remarkably suppressed. 
[0015] In a preferred embodiment, the thickness of 
said contact layer is adjusted so as to obtain the mini- 
mum reflectivity of said regions covered by said grid lay- 
er for a given composition of the first mirror means and 
said grid layer. 

[001 6] By this measure, the lateral reflectivity contrast 
reaches a maximum value and, hence, the suppression 
of undesired transverse radiation modes is maximized. 
[0017] Preferably, said grid layer comprises more 
than one layer, each of said layers consisting of a ma- 



terial having a defined index of refraction, a defined ab- 
sorption coefficient and a defined thickness. 
[0018] Advantageously, said regions not covered by 
said grid layer form radiation emission windows for a ra- 

s diation of said wavelength. In this way, the radiation is 
output through the opening of the grid layer and the bars 
of the grid layer additionally serve as an optical aperture. 
[001 9] Preferably, an extension of each of said radia- 
tion emission windows is arranged to select substantial- 

10 ty a fundamental transverse radiation mode of said ra- 
diation with respect to the corresponding VCSEL ele- 
ment. This leads to an arrangement in which the VCSEL 
device in its entirety emits in the highest order trans- 
verse radiation mode (supermode). 

is [0020] Advantageously, the absolute reflectivity of 
said first and second mirror means including optical 
characteristics of said contact layer and said grid layer 
is selected so as to obtain the minimum reflectivity re- 
quired to generate stimulated emission. Thus, it is guar- 

20 anteed that the VCSEL device emits a laser beam once 
a certain current is supplied to the active region. 
[0021] Preferably, said grid layer comprises at least 
one metal layer. This allows to use the grid layer con- 
currently as an electrode for injecting charge carriers in- 

25 to the active region. 

[0022] Advantageously, an additional dielectric mirror 
is provided on top of said first mirror means so as to 
further increase the overall reflectivity of the resonator. 
[0023] Preferably, said first reflectivity, in the areas 

30 covered by the grid, is reduced by at least 3 percent 
compared to the reflectivity of said areas corresponding 
to the grid openings. 

[0024] In a preferred embodiment, said grid layer is a 
raster of squares or rectangles. In such an arrangement, 
35 each pixel can naturally couple to its nearest neighbors 
1 80° out of phase, which leads to emission in the highest 
order supermode of the device. 

[0025] Advantageously, a bar width of said grid layer 
is less than 10um and is preferably less than Sum (typ- 

40 ically 1 urn). An accordingly arranged bar width of said 
grid layer separating adjacent radiation emission win- 
dows allows the electric fields of corresponding adjacent 
VCSEL elements to sufficiently couple to each other so 
that a single transverse radiation supermode is main- 

45 tained. However, with thinner bars, not only the coupling 
between adjacent VCSELs is stronger but the area cov- 
erage of the bars is smaller, thereby making the coupling 
of the light out of the device more efficient. 
[0026] Preferably, a maximum dimension of each ra- 

50 diation emission window of each VCSEL element is in 
the range of 2pm to 10^im. With these dimensions, the 
fundamental mode of each VCSEL element is efficiently 
selected. 

[0027] In a preferred embodiment, the grid layer is a 
55 honeycomb raster and a resistance layer is provided, 
formed between the first and second mirror means and 
having at least one region corresponding to an opening 
of said honeycomb raster with a high electrical resist- 



3 



5 



EP 1 028 505 A1 



6 



ance and said at least one high resistance region has 6 
nearest-neighbor-regions having a low electrical resist- 
ance. 

[0028] Since the highest order supermode requires 
two adjacent VCSEL elements to emit radiation with a 
phase difference of 180°, each VCSEL element in the 
center of 6 surrounding elements in the honeycomb 
raster does not meet this requirement. By providing said 
resistance layer which at least covers the area of a cen- 
tral element, the charge carriers flowing through the ac- 
tive region are forced to concentrate in the neighboring 
VCSEL elements having low electrical resistance. 
Therefore, although the net current flow remains at the 
same level, the charge carrier density in the active re* 
gions of the VCSEL elements neighboring said central 
element is increased, thereby increasing the conversion 
efficiency of these active regions. 
[0029] Preferably, said high resistance region com- 
prises an exposed portion where at least the overlying 
layers of the Bragg mirror have a vertical opening. By 
means of this vertical opening, the high resistance re- 
gion can easily be manufactured by selective oxidation 
of a buried layer having a high content of aluminum. 
[0030] In a further preferred embodiment, a grid 
matching resistance layer is provided between said one 
of said mirror means and said laser active region, said 
grid matching resistance layer having a high electrical 
resistance at least in regions covered by said grid layer. 
Since the geometric structure of the grid matching re- 
sistance layer matches the geometry of said grid layer, 
the charge carrier density can be increased in regions 
where the reflectivity is high and, thus, the optical gain 
is additionally improved. 

[0031] In the following, the present invention shall be 
explained in more detail with reference to the drawings, 
wherein: 

Figure 1 is a schematic cross-sectional view of an 
embodiment of the present invention; 

Figure 2 is a graph showing the reflectivities of a 
Bragg mirror covered with a contact layer alone 
(solid line) and additionally with a grid layer com- 
posed of metal layers (broken line) with respect to 
the thickness of the contact layer; 

Figures 3a to 3e schematically depict various geo- 
metric structures of the grid layer; 

Figures 4a to 4c schematically depict the geometric 
structure of the grid layer according to a further em- 
bodiment of the present invention; 

Figure 4d shows a schematic cross-sectional view 
of the embodiment as shown in Figure 4c; and 

Figure 5 is a schematic cross-sectional view of a 
further embodiment of the present invention which 



is similar to the device as shown in Figure 1 . 

[0032] Figure 1 shows a schematic cross-sectional 
view of an embodiment of a VCSEL device according to 
5 the present invention. In Figure 1 , the bottom surface of 
a substrate layer 7 is covered by a metal layer 9. Over 
the substrate layer 7 a laser active region 1 is formed. 
Active region 1 is disposed between second mirror 
means 5 formed over substrate layer 7, and first mirror 
10 means 3. First and second mirror means 3, 5 are com- 
posed of distinct layers having altematingly a high index 
of refraction and a low index of refraction. In this exam- 
ple, alternating layers of GaAs having a thickness of 
68nm and Al 0 9 Ga 0 «, As having a thickness of 80nm, are 
15 employed to form a resonator for an output wavelength 
of 960nm, however, other material compositions are 
suitable as well. On top of first mirror means 3 a contact 
layer 2 is formed. On the contact layer 2, a grid layer 4 
is formed, having a plurality of openings 6. The thick- 
ness of contact layer 2 is selected so as to provide the 
required variation in the reflectivity of the first mirror 
means 3, wherein the optical characteristics of the grid 
layer 4 having openings 6 are taken into account. In this 
embodiment, optical confinement of the radiation is 
achieved by firstly forming a mesa containing the first 
mirror means 3 and, secondly, by a resistance layer 11 
formed by selective oxidation of the peripheral portion^ 
of a layer of high Al content during the formation of the 
mesa, thereby providing an electrically insulating por- 
tion in resistance layer 11. 

[0033] in operation, an electric current is supplied to 
the active region 1 via grid layer 4 which is comprised 
of a stack of layers formed of Pt, Tl, Pt and Au, with re- 
spective thicknesses of 10nm, 10nm, 10nm and 70nm, 
and metal layer 9, so as to create a population inversion 
in the p-n junction of the active region 1 . The composi- 
tion of the grid layer 4 and the thickness of contact layer 
2 is selected so as to obtain a high reflectivity below the 
openings 6 of the grid layer 4, which serve as radiation 
emission windows for the stimulated radiation. Below 
the regions which are covered by the grid layer 4, the 
reflectivity is remarkably reduced and, hence, the losses 
in these regions are increased so that the transverse 
radiation mode having an intensity maximum under the 
openings 6 is stabilized. A curve 8 in Figure 1 schemat- 
ically depicts an intensity variation of the corresponding 
transverse radiation mode. 

[0034] In Figure 2, there is shown a graph which illus- 
trates the reflectivity of the combination of first mirror 
means 3, contact layer 2 and grid layer 4. In Figure 2, 
the relative reflectivity of mirror means 3 is plotted ver- 
sus the thickness of contact layer 2 which is, in this ex- 
ample, formed of GaAs. The solid line in Figure 2 refers 
to the reflectivity below the openings 6 of the grid layer 
4, wherein an interface from contact layer 2 to air con- 
tributes to the overall reflectivity. As can be seen from 
this curve, the maximum reflectivity is about 99.4% at 
an appropriate thickness of 190nm. The minimum re- 
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flectivity is obtained at about 137nm and amounts to 
about 95.7%. The dashed line in Figure 2 represents the 
reflectivity under the portions which are covered by the 
grid layer 4 which is composed of Pt, Ti, Pt, and Au. As 
can be seen from this curve, the minimum reflectivity is 
located at a thickness of 181nm and amounts to about 
96%. As indicated in Figure 2, a respective difference 
between the two reflectivities for a selected thickness of 
contact layer 2 can be determined. In this example, a 
difference of 3.5% is obtained at a thickness where the 
reflectivity below the grid layer 4 is minimized. Moreover, 
in Figure 2, the vertical dotted line at about 203.7nm rep- 
resents the % wavelength thickness of a corresponding 
cap layer which may be employed in conventional VC- 
SEL devices. As shown in this Figure, the difference in 
the corresponding reflectivities is 0.7% and is, thus, sig- 
nificantly lower than that of the device according to the 
present invention. The results in Figure 2 are deter- 
mined by a calculation performed for a VCSEL structure 
for an output wavelength of 960nm. The simulated top 
distributed Bragg reflector in the example consists of 21 
pairs of alternating A/4 layers of GaAs (67.9nm) and 
AI 09 Gao jAs (79.8nm). The thickness of the topmost 
GaAs layer (contact layer) was varied in the calculation, 
so as to find the final layer thickness where the reflec- 
tivity below the grid layer is most effectively suppressed. 
The reflectivity suppression is due to the phase mis- 
match of the reflective waves from the distributed Bragg 
reflector and the interface between the contact layer and 
the grid layer. In the calculation, the thicknesses of Pt, 
Tl, Pt, and Au are 10nm, 10nm, 10nm, and 70nm, re- 
spectively. 

[0035] It should be noted that in Figure 2, a thickness 
of contact layer 2 was selected which provides the max- 
imum difference of the reflectivities. It may, however, be 
sufficient that the thickness of contact layer 2 is selected 
within a certain range around the minimum reflectivity 
in order to obtain the required reflectivity contrast. For 
many applications, a thickness of contact layer 2 within 
±20nm of the minimum may be appropriate. Further- 
more, in this example, the calculations have been per- 
formed with the above-mentioned parameters, howev- 
er, other parameters as well as other materials may be 
selected in accordance with design requirements. 
[0036] The lateral patterning of the top mirror allows 
to select a single transverse supermode by increasing 
rthe cavity losses of the other modes. This can be seen 
from the following explanation. In a targe area VCSEL, 
Jeach of the many possible transverse modes must meet 
a modal threshold condition: 

where r is a confinement factor of the radiation field 
(overlap of the radiation field with the gain region), 
is the threshold gain of mode lm t a a wavelengthde- 



pendent loss factor, L the cavity length, and Rthe prod- 
uct of bottom mirror reflectivity times top mirror reflec- 
tivity for mode Im {/, m are mode indices). If, for all 
modes, r, /and a do not change, then the threshold gain 

5 of each mode is directly related to the modal reflectivity 
R . If no contact layer and grid layer in accordance with 
the present invention are provided, all modal reflectivi- 
ties are the same, and strong mode competition (multi- 
mode emission) is observed. If at least one of the mirrors 

10 has a laterally varying reflectivity, the modal reflectivity 
can be calculated with the following equation: 

rt m = ll tm (x t yyR(x t y)dxdy, 

15 

where l fm (x,y) is the normalized radiation field intensity 
of mode Im at position (x,y). With a mirror having a lat- 
erally varying reflectivity, this overlap integral differs 
substantially for different lateral modes. In particular, if 

20 r (x,y) is largely reduced at the regions covered by the 
grid, for example, a square grid, every mode except the 
mode having intensity minima at locations coinciding 
with the grid coverage suffers from a depressed modal 
reflectivity. Accordingly, the mode with intensity minima 

25 on the grid is the "phase coupled array mode" or super- 
mode, which lases with a phase shift of 180° with re- 
spect to neighboring VCSEL elements. 
[0037] As a consequence, the usage of a contact lay- 
er having the correct thickness allows to largely increase 

30 the losses of the undesired modes and, hence, sup- 
presses mode competition and stabilizes the super- 
mode. 

[0038] In Figures 3a to 3e, various geometric struc- 
tures of the grid layer 4 are shown. In Figure 3a, a square 

35 grid is shown in which a bar width of the grid, indicated 
as a black line in Figure 3a, is approximately 1 um and 
the dimension of the grid opening representing the ra- 
diation emission window is 4u.m. The far field beam of 
a VCSEL having the above-mentioned square grid com- 

40 prises 4 beam spots. 

[0039] Figure 3b shows a honeycomb structure, 
wherein the openings are on a triangular lattice. A VC- 
SEL device having this structure exhibits 6 far field beam 
spots. 

45 [0040] Figures 3c and 3d show a rectangular phase 
coupled array and a rhombic phase coupled array, re- 
spectively, wherein the electric fields of adjacent VCSEL 
elements in the rhombic array are decoupled when the 
tilt angle exceeds a certain value. 

so [0041] Figure 3e shows an alternative arrangement 
containing concentric circles with dividing bars, wherein 
no transverse array mode is stabilized, but a radial sym- 
metric mode in a circular VCSEL is preferred. 
[0042] With reference to Figures 4a to 4d, a further 

55 embodiment of the present invention based on the hon- 
eycomb structure as shown in Figure 3d is described. 
[0043] Figure 4a shows the phase conditions in the 
honeycomb structure, in which, as previously men- 
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tioned, the phase shift between adjacent VCSEL ele- 
ments is 180°. This is indicated in Figure 4a by a "0" for 
no phase shift and a V for a phase shift of 180°. As can 
be seen in Figure 4a, however, there are VCSEL ele- 
ments which are adjacent to both V-elements as well 5 
as "0 w -elements. Accordingly, these elements indicated 
as white areas in Figure 4a will not lase in a defined 
phase relationship to their neighboring VCSEL ele- 
ments, since they do not "know" how to respond to the 
adjacent electric fields of different phase, i.e both 0° and "> 
180°. 

[0044] Figure 4b is a schematic top view of the geo- 
metric structure as shown in Figure 4a. Here, the VC- 
SEL elements, which are not able to enter the trans- 
verse supermode due to the different phases of adjacent '5 
VCSEL elements 1 1 3 having alternatingly the phase dif- 
ference of 1 80° , are indicated by reference numeral 114. 
In the center of non-lasing VCSEL element 114, a ver- 
tical opening 112 is formed by, for example, an appro- 
priate etch process. Preferably, opening 112 extends 20 
beyond a certain layer having a high Al content so as to 
perform a selective oxidation process similar to that car- 
ried out when a mesa containing the top mirror is etched. 
The formation of the openings 112 does not disad van- 
tageously affect the six nearest neighbor VCSEL ele- 25 
ments 114. 

[0045] Figure 4c is a schematic top view of the struc- 
ture shown in Figure 4b and illustrates the results of the 
performed etch process and oxidation. Due to the se- 
lective oxidation process, the aluminum contained in 30 
said specific layer having the high aluminum content is 
oxidized into A! 2 0 3 and forms a resistance layer 104 
having a relatively high electric resistance. The horizon- 
tal extension of resistance layer 104, i.e. the radius of 
resistance layer 104 in Figure 4c, depends on the initial 35 
aluminum contents and the parameters of the etch proc- 
ess and oxidation. Moreover, resistance layer 104 may 
provide for an additional optical confinement.. 
[0046] Figure 4d is a schematic cross-sectional view 
taken along the line IVd in Figure 4c. In Figure 4d, an 40 
active region 107 is sandwiched between a bottom 
Bragg reflector 106 and a top Bragg reflector 105. On 
the top Bragg reflector 105 a contact layer 111 is provid- 
ed, which, in turn, is partly covered by a grid layer 108. 
The composition and the thickness of grid layer 1 08 and 45 
the thickness of contact layer 111 are selected so as to 
yield a minimum reflectivity of the top Bragg reflector 
105 in regions below the grid layer 108 as previously 
discussed. Due to the presence of the resistance layer 
104 having a high electric resistance, a flow of charge so 
carriers 1 1 0 is deflected so as to yield an enlarged cur- 
rent through the portions of the active region 107 which 
belong to the lasing VCSEL elements 114. This results 
in an increased optical gain, an improved efficiency of 
the VCSEL device and a significantly reduced heat de- ss 
velopment in the active region 107. 
[0047] With reference to Figure 5, a further preferred 
embodiment is now described. Figure 5 is a schematic 



cross-sectional view of a VCSEL device similar to that 
shown in Figure 1, and like parts in the VCSEL device 
are indicated by like reference numerals but increased 
by 200. The description and explanation of these parts 
is omitted. Differences between the two embodiments 
reside in the fact that the embodiment of Figure 5 com- 
prises a grid matching resistance layer 211 having ad- 
ditional resistance areas 210. The resistance areas 210 
are arranged so as to coincide with the structure of a 
grid layer 204. The grid matching resistance layer 211 
may be formed by selective oxidation or by any other 
suitable deposition and patterning process known in the 
art. Since the resistance areas 210 exhibit a high elec- 
trical resistance, the current flow of the charge carriers 
through an active region 201 is deflected so as to con- 
centrate in those portions of active region 201 which cor- 
respond to grid openings 206. Since a high current den- 
sity in regions of high reflectivity is desired, the current 
concentration in these regions considerably improves 
the gain of the laser device by increasing the conversion 
efficiency and reducing losses of the device which are 
effected by current flows through noncontributing por- 
tions of the active region 201. 

[0048] The present invention has been described with 
reference to preferred embodiments in which a VCSEL 
device comprises a mesa and emits a laser beam 
through the top Bragg reflector. The contact layer and 
the grid layer having the features as previously dis- 
cussed, however, may be incorporated in any kind of 
VCSEL device, such as selectively oxidized VCSELs, 
simple mesa-etched VCSELs, proton-implanted VC- 
SELs, and bottom-emitting VCSELs. Furthermore, the 
present invention may advantageously be combined 
with any further feature that enhances the reflectivity of 
the mirrors. This may, for example, be obtained by de- 
positing Au on the top surface of VCSEL elements in the 
case of a bottom emitter, or by means of additional die- 
lectric mirror pairs on top of the grid layer for a top emit- 
ter. 



Claims 

1 . A vertical-cavity surface-emitting laser (VCSEL) de- 
vice comprising a plurality of VCSEL elements ar- 
ranged on a common substrate (7;207), each VC- 
SEL element comprising first mirror means (3; 105; 
203) and second mirror means (5;106;205), each 
having a predefined reflectivity at a predetermined 
wavelength , for forming an optical resonator for said 
wavelength, a laser active region (1;107;201) dis- 
posed between said first and said second mirror 
means, and a grid layer (4;108;204) arranged over 
said first mirror means (3;105;203), said grid layer 
(4;108;204) having a plurality of openings (6;113; 
206) corresponding to the respective VCSEL ele- 
ments, 

characterized in that 
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said VCSEL device comprises a contact layer (2; 
111;202) having a predetermined thickness, said 
contact layer (2;1 1 1 ;202) being interposed between 
each of said first mirror means and said grid layer 
(4;108;204), wherein an optical thickness of said 
contact layer (2;111;202) and a reflectivity and an 
absorption of said grid layer (4;108;204) is selected 
so as to provide an effective reflectivity of each of 
said first mirror means depending on said grid layer 
(4;108;204) and being different for areas covered 
by the grid and areas corresponding to said grid 
openings (6;113;206). 

2. The VCSEL of claim 1 , wherein said first and sec- 
ond mirror means are provided as Bragg reflectors 
common to all of said VCSEL elements. 

3. The VCSEL of claim 1 or 2, wherein said thickness 
of said contact layer (2;111;202) is adjusted such 
that the reflectivity of said first mirror means is re* 
duced in regions covered by the grid, compared to 
regions corresponding to said grid openings (6; 1 1 3; 
206). 

4. The VCSEL according to claim 3, wherein the thick- 
ness of said contact layer (2;1 11 ;202) is adjusted so 
as to obtain the minimum reflectivity of said regions 
covered by said grid layer (4;108;204) for a given 
composition of the first mirror means and said grid 
layer. 

5. The VCSEL according to any of claims 1 or 4, 
wherein said grid layer (4;108;204) comprises more 
than one layer, each of said layers consisting of a 
material having a defined index of refraction, a de- 
fined absorption coefficient and a defined thick- 
ness. 

6. The VCSEL according to any of claims 1 to 5, 
wherein said regions not covered by said grid layer 
(4; 108;204) form radiation emission windows of re- 
spective elements for a radiation of said wave- 
length. 

7. The VCSEL according to claim 6, wherein an exten- 
sion of each of said radiation emission windows is 
arranged to select substantially a fundamental 
transverse radiation mode of said radiation. 

8. The VCSEL according to any of claims 1 to 6, 
wherein the absolute reflectivity of said first and 
second mirror means in conjunction with said con- 
tact layer (2;1 1 1 ;202) is selected so as to obtain the 
minimum reflectivity required to generate stimulat- 
ed emission. 

9. The VCSEL according to any of claims 1 to 8, 
wherein said grid layer (4;108;204) comprises at 



least one metal layer. 

10. The VCSEL according to any of claims 1 to 8, 
wherein said grid layer (4;108;204) comprises a 

5 doped dielectric layer. 

11. The VCSEL according to any of claims 1 to 10, 
wherein an additional dielectric mirror is provided 
on top of said first mirror means or said grid layer. 

10 

12. The VCSEL of any of claims 2 to 11, wherein said 
reflectivity is reduced by at least 3% compared to 
the reflectivity of said regions corresponding to said 
grid openings (6;113;206). 

15 

13. The VCSEL of any of claims 1 to 12, wherein said 
grid layer (4;108;204) is a raster of squares or rec- 
tangles. 

20 14. The VCSEL of any of claims 1 to 12, wherein said 
grid layer (4;108;204) is a rhombic raster. 

15. The VCSEL of any of claims 1 to 12, wherein said 
grid layer (4;108;204) is a honeycomb raster. 

25 

16. The VCSEL of any of claims 1 to 15, wherein a bar 
width of said grid layer (4;108;204) is less than 10 
urn, preferably less than 5 urn. 

3o 17. The VCSEL of any of claims 1 to 16, wherein a max- 
imum horizontal dimension of each radiation emis- 
sion window of said VCSEL element is in the range 
of 2 um to 10 urn. 

35 18. The VCSEL of claim 15, wherein a resistance layer 
(104) is provided in which at least one region cor- 
responding to an opening of said honeycomb raster 
has a high electrical resistance and said at least one 
high resistance region has six nearest-neighbor-re- 

40 gions having a low electrical resistance. 

19. The VCSEL of claim 18. wherein said high resist- 
ance region comprises an exposed portion where 
at least the overlying layers of said active region (1 ; 

45 1 07;201) and of the Bragg mirror have a vertical 
opening (112). 

20. The VCSEL of any of claims 1 to 1 6, wherein a grid 
matching resistance layer (211) is provided be- 

so tween said first mirror means and said laser active 
region, said grid matching resistance layer having 
a high electrical resistance at least in regions cor- 
responding to regions covered by said grid layer. 

55 
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